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Background: The function of NMDAR subtypes in neuronal signaling and excitotoxicity remains unclear.

Results: GluN2A and GluN2B regulate both synaptic and extrasynaptic signaling and contribute to excitotoxicity.
Conclusion: GIuN2A and GIuN2B play similar rather than opposing roles in NMDAR-mediated signaling and excitotoxicity.
Significance: Knowing the function of NMDAR subtypes is critical for understanding how neuronal fate is regulated.

GluN2A and GluN2B are the major subunits of functional
NMDA receptors (NMDAR). Previous studies have suggested
that GluN2A and GluN2B may differentially mediate NMDAR
function at synaptic and extrasynaptic locations and play oppos-
ing roles in excitotoxicity, such as neurodegeneration triggered
by ischemic stroke and brain injury. By using pharmacological
and molecular approaches to suppress or enhance the function
of GluN2A and GIuN2B in cultured cortical neurons, we exam-
ined NMDAR-mediated, bidirectional regulation of prosurvival
signaling (i.e. the cAMP response element-binding protein
(CREB)-Bdnf cascade) and cell death. Inhibition of GIuN2A or
GluN2B attenuated the up-regulation of prosurvival signaling
triggered by the activation of either synaptic or extrasynaptic
NMDAR. Inhibition of GIuN2A or GluN2B also attenuated
the down-regulation of prosurvival signaling triggered by the
coactivation of synaptic and extrasynaptic receptors. The effects
of GluN2B on CREB-Bdnf signaling were larger than those of
GluN2A. Consistently, compared with suppression of GIluN2A,
suppression of GluN2B resulted in more reduction of NMDA-
and oxygen glucose deprivation-induced excitotoxicity as well
as NMDAR-mediated elevation of intracellular calcium. More-
over, excitotoxicity and down-regulation of CREB were exagger-
ated in neurons overexpressing GluN2A or GluN2B. Together,
we found that GluN2A and GluN2B are involved in the function
ofboth synaptic and extrasynaptic NMDAR, demonstrating that
they play similar rather than opposing roles in NMDAR-medi-
ated bidirectional regulation of prosurvival signaling and neu-
ronal death.
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Glutamate mediates the majority of excitatory neurotrans-
mission in the central nervous system. Among the identified
ionotropic glutamate receptors, the N-methyl-p-aspartate
receptors (NMDARs)® are particularly highly permeable to
Ca®* (1). Excessive activation of NMDAR under pathological
conditions results in excitotoxicity, such as neurodegeneration
following ischemic stroke (2). However, because appropriate
NMDAR activation is pivotal for neuronal development and
survival (3-5), global inhibition of NMDAR fails to effectively
attenuate excitotoxicity caused by cerebral ischemia (6). Thus,
recent therapeutic development has focused on blocking sub-
types (7, 8) or subpopulations of NMDAR (9) to achieve neuro-
protective effects.

The tetrameric NMDAR is comprised of two essential GluN1
subunits and two GluN2 subunits or the relatively rare GIuN3
subunits (1). The essential function of the GluN1 subunit is
implicated by the lack of intact synaptic plasticity or neurotox-
icity in GIuN1 mutant neurons (10). GluN1 knockout mice are
also perinatal lethal, suggesting its function in development and
survival. In the adult forebrain, GluN2A and GluN2B subunits
are the predominant GluN2 subunits (11). There is reasonable
evidence showing that GluN2A and GluN2B are present at both
synaptic and extrasynaptic locations (12, 13). However, it is not
clear whether they are both involved in the survival- or death-
related intracellular signaling triggered by the activation of syn-
aptic or extrasynaptic NMDAR (syn- or ex-NMDAR). Because
of the different characteristics of the GluN2A and GluN2B sub-
units, such as channel kinetics and their distinct interaction
with different signaling molecules (1, 14), it is tempting to spec-
ulate that these two NMDAR subtypes have distinct functions.
Indeed, it has been proposed that activation of GluN2A and

3 The abbreviations used are: NMDAR, NMDA receptor; syn-NMDAR, synaptic
NMDA receptor; ex-NMDAR, extrasynaptic NMDA receptor; CREB, cAMP
response element-binding protein; L-VGCC, L-type voltage-gated calcium
channel; p-CREB, cAMP response element-binding protein phosphoryla-
tion; OGD, oxygen-glucose deprivation; DIV, days in vitro; ANOVA, analysis
or variance; SNK, Student-Newman-Keuls; CNQX, 6-cyano-7-nitroquinoxa-
line-2,3-dione; NVP-AAMO77, [(R)-[(S)-1-(4-bromophenyl)-ethylamino]-(2,
3-dioxo-1,2,3,4-tetrahydroquinoxalin-5-yl)-methyl]-phosphonic acid.

JOURNAL OF BIOLOGICAL CHEMISTRY 24151



GIuN2A and 2B in Neuronal Signaling and Death

GluN2B stimulates different signaling cascades (15, 16) and
regulates survival and excitotoxicity, respectively (7, 8).

Our previous study (17) shows how NMDAR bidirectionally
regulates cell survival and death. Specifically, we demonstrated
that the prosurvival CREB (cAMP response element-binding
protein) signaling is up-regulated by the activation of either
syn- or ex-NMDAR. Coactivation of syn- and ex-NMDAR trig-
gers cell death and dampens CREB signaling (17). Here we dem-
onstrate that both GIuN2A and GluN2B are involved in syn- as
well as ex-NMDAR function. Suppression of either GluN2A or
GluN2B dampened NMDAR-mediated cell death. However,
compared with GIuN2A, GluN2B had a larger impact on both
NMDAR-mediated intracellular signaling and cell death.

EXPERIMENTAL PROCEDURES

Primary Culture of Cortical Neurons—The experimental
procedures were in accordance with the animal welfare
guidelines and approved by the Institutional Animal Care
and Use Committee at Michigan State University. Cortices
were obtained from postnatal day 0 Sprague-Dawley rats,
dissociated, and used for the primary culture as described in
our previous study (17).

Neuronal Stimulation—To activate NMDARs, neurons were
stimulated with NMDA (at 15, 30, 50, and 100 uM as indicated
for each individual experiment) or bicuculline (50 M, Sigma)
along with the NMDAR coagonist glycine (at 2 um). In all
experiments, except the ones in Fig. 4C, a 30-min pretreatment
with nifedipine (5 um, Sigma) and 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX) (20 um, Sigma) were applied to block L-type
voltage-gated calcium channels (L-VGCCs) and non-NMDA
type glutamate receptors, respectively. A 30-min pretreatment
with NVP-AAMO77 (a gift from Dr. Yves P. Auberson,
Novartis Institutes of Biomedical Research, Switzerland)
and ifenprodil (3 wM, Sigma) was used to inhibit GluN2A and
GIuN2B, respectively.

Western Blot Analysis and Semiquantitative RT-PCR—The
activation of CREB was determined by the level of CREB phos-
phorylation (p-CREB) at Ser-133 with Western blot analysis as
described (17). The NMDAR-mediated transcription of Bdnf
was determined by semiquantitative RT-PCR (18).

Induction and Assessment of Neuronal Death—Neurons
were treated with NMDA (30, 50, and 100 uM as indicated for
each individual experiment) and 2 um glycine with or without
(for the experiment in Fig. 4C2) CNQX (20 um), and nifedipine
(5 pum) for 20 or 30 min (as indicated), followed by a wash with
conditioned medium. The neurons were retained in mixed
medium containing 50% conditioned medium and 50% fresh
medium for 20 h and then stained with DAPI (1 pwg/ml). We also
included 1 um MK801 during the 20-hour post-treatment incu-
bation so that the activation of NMDAR because of excessive
glutamate release from the dying neurons could be suppressed.
The appearance of condensed nuclear (or condensed chroma-
tin) staining (revealed by DAPI) were used as an indicator for
cell death as described in previous studies (19, 20).

To mimic ischemic stroke in vitro, we subjected neurons to
oxygen-glucose deprivation (OGD) (21). As described in our
previous study (17), neurons were incubated in glucose-free
solution and exposed to 95% N2 and 5% CO, in a hypoxia
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chamber (Billups-Rothenberg, Inc.) for 65 min. OGD was then
terminated, and cell death was determined by DAPI staining
20 h later.

Additionally, the formation of dendritic varicosity and cell
body swelling were examined as early cellular signs of cell death
(22). Neurons were first transfected with cDNA expressing
GFP. Before NMDA treatment, 150 GFP-labeled neurons were
chosen randomly from six areas and examined. Following
NMDA treatment for 30 min, neurons with at least one den-
dritic varicosity were counted as damaged cells. Under our
experimental conditions, most neurons that underwent den-
dritic morphological changes showed more than five varicosi-
ties. As an alternative and an additional measurement of cell
death, the percentage of neurons showing cell body swelling
was also analyzed. The cell body images of the same GFP-pos-
itive neurons before and after NMDA treatment were com-
pared to determine NMDA-induced cell body swelling.

Calcium Imaging—The NMDAR-mediated changes in intra-
cellular calcium (Ca**)) level were determined in live neurons
by calcium imaging (17). The ratio of fluorescent emission
(fura-2 emission at 520 nm) excited by 340 nm and 380 nm was
used to determine the relative Ca>™, level.

Overexpression and shRNA-mediated Knockdown of GIuN2A
and GluN2B—W e used two independent shRNA constructs to
effectively knock down GIluN2A and GluN2B, as described in
our previous study (23). For the knockdown experiments, a
GEFP plasmid (0.5 ng) along with one of the target shRNA con-
structs or scrambled shRNA construct were cotransfected into
DIV (days in vitro) 16 neurons using the Lipofectamine™
method (Invitrogen). The transfected neurons were stimulated
by NMDA on DIV 21, and the level of NMDA-mediated phos-
phorylation of CREB and neuronal death were examined by
immunofluorescent staining.

To overexpress GIuN2A or GluN2B subunits, neurons at
DIV 7 were transfected with 1 ug of cDNA construct expressing
GFP-GIluN2A or GFP-GIuN2B (24) (gifts from Dr. Katherine
Roche at the National Institute of Neurological Disorders and
Stroke). The effects of GluN2 overexpression on NMDA-medi-
ated CREB phosphorylation and neuronal death were exam-
ined 2 days after transfection.

Fluorescent Immunostaining—Following NMDA treatment,
neurons were fixed with 4% paraformaldehyde and 4% sucrose
in PBS for 10 min at room temperature and then rinsed three
times with PBS. After a 1-h incubation with 10% normal goat
serum (Invitrogen) in PBS-T (PBS containing 0.1% Triton
X-100), the fixed neurons were incubated with primary anti-
body against p-CREB at Ser-133 (1:1000) overnight. The sec-
ondary antibody (Alexa Fluor 594-conjugated goat anti-rabbit
IgG, 1:1000, Invitrogen) was incubated at room temperature for
1 h. To obtain a GFP signal, Alexa Fluor 488-conjugated anti-
GEFP (1:1000, Invitrogen) was subsequently incubated for 1 h at
room temperature. A Nikon fluorescence microscope was used
for imaging. Quantification was performed by analyzing the
fluorescence intensity of p-CREB using Image] and presented
as mean * S.E.

Data Analysis—Results from multiple repeats are expressed
as mean * S.E. The statistical significance analysis for the dif-
ference among multiple groups/treatments was performed
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FIGURE 1. Bidirectional regulation of the CREB-Bdnf cascade by NMDAR requires both GluN2A and GIuN2B. DIV 3 (A and B) or DIV 21 (A-D) neurons were
pretreated with NVP-AAMO77 (NVP, 50, 100, or 400 nm as indicated), ifenprodil (Ifen, 3 um), or both, followed by NMDA (15 or 50 uM, as indicated) stimulation
(along with 2 um NMDAR coagonist glycine). A 30-min pretreatment with 5 um nifedipine and 20 um CNQX was included to block L-VGCCs and non-NMDA-type
glutamate receptors, respectively. Aand C, 15 min after NMDA stimulation, cell lysates were analyzed for the level of CREB phosphorylation at Ser-133 (p-CREB)
by Western blot analysis. The level of B-actin was used as a loading control. Band D, 1 h after NMDA stimulation, the level of Bdnf mRNA was determined by
semiquantitative RT-PCR. GAPDH was used an internal control. * and #, p < 0.05 compared with NMDA-treated samples. C and D, one-way ANOVA revealed a
significant difference (i.e. p < 0.05) among different treatments. The post hoc SNK analysis revealed that the values associated with distinct SNK groups (a, b,

and ¢) are significantly different:a < b <c.

with one-way ANOVA. Following ANOVA, post hoc Student-
Newman-Keuls (SNK) procedure was used to determine
whether the data are statistically different from each other.
Data between two groups were analyzed by the Student’s £ test.

RESULTS

Both GIuN2A and GluN2B Are Involved in NMDAR-medi-
ated Bidirectional Regulation of the CREB-Bdnf Signaling
Cascade—Numerous studies have demonstrated that appro-
priate activation of NMDAR activates prosurvival molecules
(such as CREB) and supports neuronal survival (17, 25-27).
NMDAR overactivation results in significant cell death. Con-
sistent with our recent study (17), low-dose NMDA at 15 um
activated CREB (Fig. 14) and up-regulated the transcription of
a CREB target gene, Bdnf (Fig. 1B). Conversely, high-dose
NMDA at 50 um down-regulated CREB activity (Fig. 1C) and
Bdnf transcription (Fig. 1D).

The GIuN2A and GIluN2B subunits are the predominant
GIuN2 subunits in the forebrain regions. To determine their
function in NMDAR-mediated CREB-Bdnf'signaling, we chose
to use selective inhibitors for these GIuN2 subunits. Although
the selectivity of ifenprodil for GIuN2B is well accepted, the
selectivity of NVP-AAMO077 for GIuN2A over GIuN2B is con-
centration-dependent (28, 29). To determine the dose of NVP-
AAMO77 that has significant GIuN2A selectivity, we examined
the effects of NVP-AAMO077 on DIV 3 and DIV 21 neurons.
Previous studies (30, 31), including ours (32), have shown that
GIuN2A expression is regulated developmentally. Specifically,
we found that the expression level of GIluN2B in cultured cor-
tical neurons is relatively constant from DIV 3 to DIV 22. In
contrast, the expression of GIuN2A is undetectable on DIV 3,
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emerges on DIV 13, and is increased further along with in vitro
neuronal maturation after 3 weeks of culturing (32). Here, we
found that the NMDA-activated (15 um) CREB phosphoryla-
tion and Bdnf transcription were suppressed significantly by
ifenprodil in both DIV 3 and DIV 21 neurons (Fig. 1, A and B).
The effects of NVP-AAMO77 were regulated developmentally.
NVP-AAMO077 at 100 and 400 nm showed suppression effects
in DIV 21 neurons. The suppression effects were only observed
with 400 but not 100 nMm NVP-AAMO77 in DIV 3 neurons (Fig.
1, A and B). Because DIV 3 neurons do not express GluN2A,
these data imply that 100 nm NVP-AAMO077 predominantly
inhibits GIuN2A without significantly inhibiting the GluN2B-
containing receptors and that 400 nM non-specifically inhibits
both GIuN2A and GIuN2B. The concentration-dependent
selectivity of NVP-AAMO077 is consistent with the findings
from previous studies (28, 29). Thus, we examined DIV 21 neu-
rons and used 100 nm NVP-AAMO077 to block GluN2A for all
later experiments. We next found that blocking either GIluN2A
or GluN2B significantly rescued CREB deactivation (Fig. 1C)
and Bdnf down-regulation (Fig. 1D), which were triggered by
high NMDA at 50 pM.

Both the GIuN2A and GIluN2B Subunits Are Involved in
Intracellular Signaling Triggered by the Activation of Syn-
NMDAR or Ex-NMDAR—It is known that activation of syn-
NMDAR up-regulates CREB, whose activation supports neuro-
nal survival (9). Here we confirmed that bicuculline, which
causes presynaptic disinhibition and triggers the presynaptic
release of glutamate leading to syn-NMDAR activation, signif-
icantly up-regulated CREB activity and Bdnftranscription (Fig.
2, A and B). These increases were dampened by either 100 nm
NVP-AAMO77 or ifenprodil. Coapplication of NVP-AAMO077
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FIGURE 2. Both GIuN2A- and GluN2B-containing NMDARs are involved in
intracellular responses triggered by synaptic receptor activation. DIV 21
neurons were stimulated with bicuculline (50 um) along with 2 um glycine, 5
um nifedipine, and 20 um CNQX for 15 min (A) or 1 h (B) following a 30-min
pretreatment with NVP-AAMO77 (NVP, 100 nwm) or ifenprodil (/fen, 3 um) as
indicated. The level of p-CREB (A) and Bdnf mRNA (B) were examined by West-
ern blot analysis and RT-PCR, respectively. One-way ANOVA revealed a signif-
icant difference (i.e. p < 0.05) among different treatments. The post hoc SNK
analysis revealed that the values associated with distinct SNK groups (a, b, ¢,
and d) are significantly different:a < b < c <d.

and ifenprodil achieved complete inhibition of p-CREB and
Bdnf transcription (Fig. 2, A and B).

Our recent study showed that, although coactivation of syn-
and ex-NMDAR leads to deactivation of prosurvival signaling
and triggers cell death, activation of ex-NMDAR alone stimu-
lates the CREB-Bdnf cascade (17). We used a well accepted
method to activate ex-NMDAR. We first pretreated neurons
with bicuculline and MK801 for 2 min, followed by a wash and
subsequent incubation with 50 um NMDA (17). Because bicu-
culline selectively activates syn-NMDAR and MK801 irrevers-
ibly blocks opened NMDAR, pretreating neurons with bicucul-
line and MK801-blocked syn-NMDAR and the subsequent
application of 50 um NMDA only activated the available ex-
NMDAR. Here we reconfirmed that activation of ex-NMDAR
caused an increase in p-CREB (Fig. 34) and Bdnf mRNA (Fig.
3B). The up-regulation was significantly suppressed by either
NVP-AAMO77 or ifenprodil (Fig. 3, A and B). Coapplication of
these inhibitors completely suppressed the intracellular responses
triggered by ex-NMDAR (Fig. 3, A and B).

Together, these results suggest that both the GluN2A and
GluN2B subunits are required for NMDAR function at either
synaptic or extrasynaptic sites. It is important to emphasize that
blocking GIuN2B had greater effects than blocking GluN2A.

Both the GIuN2A and GIuN2B Subunits Are Involved in the
NMDAR-mediated Excitotoxicity—It has been shown that,
compared with proper activation of NMDAR under physiolog-
ical conditions, overactivation of NMDAR shuts off the prosur-
vival signaling and, in turn, triggers cell death (2, 33, 34). In
contrast to neurons stimulated with bicuculline or 15 um
NMDA, 50 um NMDA dephosphorylated CREB and down-
regulated Bdnftranscription (Fig. 1, Cand D). NMDA at 50 um
triggered significant cell death (43.2% of the DAPI-stained neu-
rons show condensed nuclear staining, Fig. 44). Neurons pre-
treated with 100 nm NVP-AAMO077 and ifenprodil showed
29.4% and 19.8% death, respectively (Fig. 44). Coapplication of
the two antagonists completely blocked NMDA-induced neu-
ronal death triggered by 50 um NMDA (Fig. 4A4). These data
demonstrate that both GIuN2A and GIuN2B are involved in
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FIGURE 3. Both GIuN2A- and GluN2B-containing NMDARs are involved in
intracellular responses triggered by extrasynaptic receptor activation.
To activate ex-NMDAR, DIV 21 neurons were first incubated with bicuculline
(Bic, 50 um) and MK801(10 um) for 2 min, rinsed three times with conditioned
medium, and then stimulated with 50 um NMDA for 15 min (A) or 60 min (B).
Alltreatmentincluded the application of 2 um glycine, 5 um nifedipine, and 20
M CNQX. The level of p-CREB (A) and Bdnf mRNA (B) was determined. One-
way ANOVA revealed a significant difference (i.e. p < 0.05) among different
treatments. The post hoc SNK analysis revealed that the values associated
with distinct SNK groups (g, b, ¢, and d) are significantly different:a < b <c <
d. NVP, NVP-AAMO077; Ifen, ifenprodil.

NMDAR-mediated excitotoxicity and that blocking GluN2B
renders more protection than blocking GluN2A.

Because the deactivation of prosurvival signaling also
depends on the duration of the pathological insults, we treated
neurons with 50 um NMDA for a longer period of time (i.e. 30
min compared with 15 min in Fig. 1C) and measured the level of
p-CREB. Such a stimulation caused a more dramatic deactiva-
tion of CREB, which was rescued by ifenprodil but only partially
by 100 nm NVP-AAMO77 (Fig. 4B). It has been demonstrated
that the activation of L-VGCCs (35-37) and non-NMDA-type
glutamate receptors (38 —40) also contributes to the degree of
cell death. We next treated neurons with 50 um NMDA for 30
min without nifedipine and CNQX. Under this condition, ifen-
prodil dampened the NMDA-triggered CREB dephosphory-
lation (Fig. 4C1I) and cell death (Fig. 4C2). In contrast, 100 nm
NVP-AAMO077 did not show measurable effects (Fig. 4C).
These results show that blocking GIuN2A is less effective to
attenuate cell death under more severe pathological conditions.

We next determined directly whether the protective effects
from blocking GIuN2A and 2B depend on the degree of insult
caused by NMDAR overactivation. A milder insult by 30 um
NMDA caused less cell death, which was completely sup-
pressed by either NVP-AAMO077 or ifenprodil (Fig. 44). A more
severe insult by 100 um NMDA caused more cell death, which is
only attenuated by ifenprodil but not by NVP-AAMO077 (Fig.
4A). Coapplication of NVP-AAMO077 and ifenprodil completely
blocked death following either 30 or 100 um NMDA (Fig. 4A4).
These lines of evidence (Figs. 1, C and D, and 4, A, B, and C)
demonstrate that, although both GluN2A and 2B are involved
in regulating survival and death, GIluN2B plays a more domi-
nant role under more severe pathological conditions.

We next subjected neurons to a 65-min OGD that involved
NMDAR overactivation. Compared with vehicle controls
(70.5% cell death), incubation with 100 nm NVP-AAMO077 and
ifenprodil during OGD reduced cell death to 49.7 and 31.2%,
respectively (Fig. 4D).

Because NMDAR-mediated Ca®>* overload is directly related
to the onset of death (41-43), we postulated that the higher

ACEEVON

VOLUME 288+NUMBER 33-AUGUST 16,2013



GIuN2A and 2B in Neuronal Signaling and Death

A Control B With nifedipine C1 Without nifedipine
' and CNQX and CNQX
NMDA (uM) - 50 50 50 NMDA (M) - 50 50 50
NVP-AAM - = + -  \vPAAM - - + -
Ifen - - - + Ifen - - - +

b-CREE (i we & - p-CREB il we w= W

B-actin que G N9 = B-actin gy - D
50 uM NMDA + NVP

) T -
© 3 Th
T > =
T o S m b b
ok g W1 a a
x 14

Q o

o 1oy

0

C2 Without nifedipine and CNQX

- Control NMDA + NVP

& 601

£

8 40-

o b

3

©21;Maaa 4

0-

NMDA (uM) - 30303030 - 5050 5050 f
NVP-AAM - -+ -+ - -+ -+ £
Ifen - ==+ 4+ - - -+ + 8

D NVP +.0GD
E
12
<
£0.8-
©
o
04 1 min g
$§<op{ C
1 2-]50 UM NMDA + NVP Eo” b
,, -3 €S04
. Ifeh + OGD 2 ol e a
g 801 4 i S %5 0.2
2 o . 0 8 =
e Py SRS
2 401 * A 50 uM NMDA + Ifen WP o
= . < 0.8 WW
o 1 o
o 20 i)
a ~ b & 0.4 e

0"
FIGURE 4. Involvement of GIuN2A and GIluN2B in NMDA- and OGD-induced cell death. DIV 21 neurons were first treated with 100 nm NVP-AAMO077 (NVP)
or 3 um ifenprodil (Ifen) for 30 min and then subjected to NMDA (30, 50, or 100 um as indicated) stimulation (A-C and E) or OGD (D). Neuronal death was
determined by DAPI staining. The percentage of cells with condensed nuclear staining (arrowheads) increased significantly following NMDA (A and C2) and
OGD (D). The healthy cells with diffuse nuclear staining are indicated by arrows. The levels of p-CREB and B-actin were determined by Western blot analysis (B
and C1).E, contribution of GIuN2A and GIuN2B to NMDAR-mediated Ca** influx. Ca?*,; was determined by calcium imaging following NMDA stimulation in the
presence of GIuUN2A and GIuN2B inhibitors. For A, B, and E, treatments included the application of 2 um glycine, 5 um nifedipine, and 20 um CNQX. For C,
nifedipine and CNQX were not included. The duration of NMDA treatments was 20 (A), 30 (B and C), and 1 min (E). One-way ANOVA revealed a significant
difference (i.e. p < 0.05) among different treatments. The post hoc SNK analysis revealed that the values associated with distinct SNK groups (a, b, ¢, and d) are
significantly different: a < b < ¢ < d (whenever it is applicable for the corresponding data sets).

impact of GluN2B on cell death might be attributed to its con- NMDAR-mediated Ca”>*; elevation than the GIuN2A antagonist
tribution to the elevation of intracellular Ca*>*. To investigate NVP-AAMO77 (Fig. 4E).

this possibility, we examined the relative level of intracellular Molecular Knockdown of GIuN2A and GIuN2B Attenuates
Ca®" (Ca®>",) by calcium imaging with live neurons. As expected, NMDAR-mediated Neuronal Death—To further determine the
the GIuN2B antagonist ifenprodil caused more reduction of function of GluN2A and GluN2B, we used shRNA-mediated
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FIGURE 5. Effects of GluN2A and GluN2B knockdown on NMDAR-medi-
ated excitotoxicity and CREB phosphorylation. Live neurons cotrans-
fected with GFP and scrambled shRNA (shRNA-Sc) or shRNA-GIuN2Aa or
shRNA-GIuN2Bm were monitored before and after the 30-min NMDA (50 um)
treatment (A), which included the application of 2 umglycine, 5 um nifedipine,
and 20 um CNQX. Neurons with the formation of varicosity and cell body
swelling were counted and quantified (B and C). The images of the same
GFP-positive neuron before and after NMDA treatment are shown (A). The
multiple varicosities appeared in representative neurons following NMDA
treatment (arrows). The cell body of the same neuron before and after NMDA
treatment is enlarged and compared in the right panels. Cell body swelling
of the representative neurons is indicated by the non-parallel diverging lines.
D, transfected neurons were treated with 50 um NMDA for 10 min and then
fixed and costained for p-CREB and GFP (D). The relative intensity of the
p-CREB signal (as indicated by arrows for the representative GFP-positive cell)
in neurons transfected with GFP and scrambled shRNA was defined as 1 (right
panel) and compared with those in neurons transfected with GFP and GIuN2A
or GIuN2B shRNA constructs. One-way ANOVA revealed a significant differ-
ence (i.e. p < 0.05) among different treatments. The post hoc SNK analysis
revealed that the values associated with distinct SNK groups (a, b, and c) are
significantly different:a < b <c.

knockdown to suppress the expression of these two genes.
We used two different shRNA constructs to knock down
either the GIluN2A (by shRNA-GluN2Aa and shRNA-
GluN2Ac) or GluN2B subunits (by shRNA-GIuN2Bm and
shRNA-GIuN2Bi). Previous studies, including ours, have
shown that these shRNAs suppress more than 90% expres-
sion of GluN2A and GluN2B, respectively (23, 44). Here we
observed that a 30-min treatment with 50 um NMDA
induced a remarkable appearance of dendritic varicosity and
cell body swelling, which are well characterized cellular signs of
NMDAR-mediated excitotoxicity (22). Knockdown of GIuN2A
expression by shRNA-GIuN2Aa led to a mild but significant
decrease in the percentage of neurons with dendritic varicosi-
ties (Fig. 5A, center panel, arrows) and cell body swelling (indi-
cated by the diverging lines connecting the edges of the same
cell before and after NMDA treatment) compared with the
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scrambled shRNA control (Fig. 5, A-C). In neurons transfected
with sShARNA-GIuN2Bm, there was a more dramatic reduction
for the number of neurons with these pathological morphology
changes (Fig. 5, A—C). Knockdown with another pair of shRNAs
(i.e. ShARNA-GIuN2Ac and shRNA-GIuN2Bi) showed the same
effects (data not shown).

We next examined the effects of GluN2A and GIuN2B
knockdown on NMDAR-mediated deactivation of CREB. In
neurons stimulated with 50 uM NMDA, knockdown of GIuN2A
(by shRNA-GluN2Aa (Fig. 5D) and shRNA-GIluN2Ac (data not
shown)) or GIuN2B (by shRNA-GIuN2Bm (Fig. 5D) and
shRNA-GIuN2Bi (data not shown)) reversed the dephosphory-
lation of CREB. Consistent with the excitotoxicity data (Fig. 5,
A-C), the attenuation of CREB dephosphorylation was signifi-
cantly larger by the GluN2B shRNAs than the GluN2A shRNAs
(Fig. 5D).

Overexpression of GIuN2A and GluN2B Exacerbates NMIDAR-
mediated Neuronal Death—W e next examined whether enhanc-
ing GIuN2A and GIuN2B function exacerbates NMDA-in-
duced cell death. Neurons overexpressing GFP-GIuUN2A or
GFP-GIuN2B constructs, which were characterized previously
and showed a similar function to those of endogenous
GluN2A/2B subunits (24), were stimulated by 50 um NMDA on
DIV 9. We chose DIV 9 neurons to examine the direct effect of
GluN2A overexpression on neuronal death because the expres-
sion level of endogenous GIuN2A was low and almost undetect-
able at this age (data not shown). In unstimulated naive neu-
rons, overexpression of the GIuN2A or GluN2B subunits did
not affect the basal level of p-CREB and neuronal death (data
not shown). Interestingly, 50 um NMDA triggered more death
in GFP-GIluN2A- or GFP-GIluN2B-transfected neurons when
compared with the GFP-transfected neurons (Fig. 6A). Consis-
tently, 50 umM NMDA induced more dephosphorylation of
CREB in GFP-GIuN2A- or GFP-GluN2B-transfected neurons
as compared with GFP-transfected neurons (Fig. 6B). It is also
evident that overexpression of GluN2B had a larger impact on
NMDA-triggered cell death and CREB deactivation than
GIluN2A. Taken together, our results demonstrate that GluN2A
and GluN2B participate in both syn- and ex-NMDAR function as
well as in the bidirectional regulation of cell fate.

DISCUSSION

Although there is a consensus on the causal role of NMDAR
overactivation in excitotoxicity following ischemic stroke, the
functional involvement of particular subunits or subpopula-
tions of NMDAR is not clear. GIuN2A and GIuN2B are the
predominant GIuN2 subunits in the adult forebrain. GluN2A-
and GluN2B-containing NMDARs differ in channel kinetics,
open probability, ligand affinity, and the interaction with intra-
cellular signaling and scaffold proteins (14). Previous studies
have demonstrated that GluN2A and GIuN2B are expressed
predominantly at the synapse and extrasynaptic locations,
respectively (12, 13, 45, 46). Functionally, GluN2A-containing
NMDARSs mediated roughly 68% of the synaptic current and
27% of the extrasynaptic current. The remaining current at
these distinct subcellular locations is mediated mainly by
GIuN2B (8). However, it is not known whether GluN2A and 2B
differentially mediate certain intracellular signaling following

VOLUME 288+NUMBER 33-AUGUST 16,2013



GIuN2A and 2B in Neuronal Signaling and Death

A B GFP p-CREB Merge
K

o | o B g »

% [0

o

S S

z z

3 3

o o

o o

[ '8

o o

om )

N N

= z

3 3

Q Q

o o

[TH T8

(O] (O]

2 A

Relative
p-CREB signal

o

('9\)““"0 °

&

FIGURE 6. Overexpression of GluN2A and GluN2B exaggerates NMDAR-induced cell death and CREB deactivation. A, neurons transfected with a plasmid
expressing GFP, GFP-GIuN2A, or GFP-GIuN2B were treated with 50 um NMDA for 30 min. Three hours later, neurons were fixed and costained with DAPI and
antibody against GFP. Quantification of cell death, as revealed by condensed nuclear DAPI staining (arrowheads) in GFP-positive neurons, is shown in the
bottom panel. Some of the healthy cells with diffuse nuclear staining are indicated by the arrows. B, neurons expressing GFP, GFP-GIuUN2A, or GFP-GIuN2B were
stimulated by 50 um NMDA for 15 min and then fixed and costained for p-CREB and GFP. The optical intensity of p-CREB (as indicated by arrows for the
representative cells) in neurons transfected with GFP was defined as 1. One-way ANOVA revealed a significant difference (i.e. p < 0.05) among different

OQ? 6\\)‘{1}

[ ®
oV e\"&
&

&

treatments. The post hoc SNK analysis revealed that the values associated with distinct SNK groups (g, b, and ¢) are significantly different:a < b < c.

syn- and ex-NMDAR activation. Here we found that activation
of syn-NMDAR stimulated the prosurvival CREB-Bdnf cas-
cade, which was suppressed significantly by inhibiting either
GluN2A or GluN2B. This is consistent with both GluN2A and
GIluN2B regulating long-term potentiation (45, 47) and long-
term depression (14, 48), which require syn-NMDAR function.
Our data also suggest that the magnitude of NMDAR-mediate
currents may not be related proportionally to the degree of
intracellular signaling. For example, GIuN2A activation had
less of an effect than GluN2B on CREB up-regulation triggered
by syn-NMDAR activation.

The prevailing theory on NMDAR-mediated excitotoxicity
emphasizes that activation of syn-NMDAR supports cell sur-
vival and that activation of ex-NMDAR leads to cell death (9,
49). However, our recent study, along with others, demon-
strated that activation of ex-NMDAR failed to shut off prosur-
vival signaling (17, 50) and did not trigger cell death (17, 51). It
is interesting to note that certain types of neurons (such as
retinal ganglion cells) only express ex-NMDAR and are resis-
tant to glutamate-induced excitotoxicity (52). Further, 50 um
NMDA, which is toxic to mature neurons, activates prosurvival
signaling rather than causing death in young and developing
neurons, which mainly express ex-NMDAR (53-55). Here, we
confirmed that activation of ex-NMDAR alone up-regulated
the CREB-Bdnf cascade and that such up-regulation depended
on both GIuN2A and GluN2B. Our data suggest that GIuN2A
and GluN2B expression at synaptic and extrasynaptic sites is
functionally relevant to their involvement in activating CREB
through both syn- and ex-NMDAR.
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Several lines of evidence demonstrate that NMDAR bidirec-
tionally regulates cell fate. Although appropriate NMDAR
activity supports survival, overactivation turns off prosurvival
signaling and triggers cell death. We found recently that the
magnitude of excitotoxicity depends on the degree of syn- and
ex-NMDAR coactivation (17). The fact that GIuN2A and
GluN2B are required for both synaptic and extrasynaptic
signaling is consistent with the fact that the inhibition of
these two subunits dampened NMDAR-mediated death. In
support of our results, previous studies have also shown that
GluN2B inhibition attenuates NMDA excitotoxicity, OGD-
induced cell death, and ischemic stroke (7, 8, 56). It is impor-
tant to note that, although preinsult GIuN2B inhibition
attenuates death, postinsult administration of the GluN2B
antagonist may not be effective (57).

Itisintriguing that several previous studies have mainly dem-
onstrated the function of GIuN2A in survival. When GluN2A is
inhibited, either synaptic or extrasynaptic NMDAR activation
leads to cell death. The NMDA-induced excitotoxicity is atten-
uated by the GluN2B antagonist but exaggerated (8) or not
affected (56) by the GIuN2A antagonist. The discrepancy
between these two early studies and ours may be due to an
important difference in experimental conditions. Compared
with our experimental setup, these early studies did not include
nifedipine (an antagonist for L-VGCCs) and CNQX (an antag-
onist for non-NMDA -type glutamate receptors) during NMDA
stimulation. Because the activation of VGCCs (35-37, 43) and
non-NMDA-type glutamate receptors (38-40) contributes
significantly to excitotoxicity-induced Ca*>* overload, NMDA
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stimulation without nifedipine and CNQX may impose a more
severe pathological insult. It is possible that the protective effect
from GIuN2A inhibition may depend on the degree of the
insults. Our data show that, following a more severe insult (such
as stimulation with 100 um NMDA, Fig. 4A), inhibition of
GIuN2A by NVP-AAMO077 did not attenuate cell death. More-
over, NVP-AAMO077 attenuated NMDA-induced (at 50 um)
CREB dephosphorylation (Figs. 1C and 4B) and cell death (Fig.
4A) when nifedipine and CNQX were included in the treat-
ment. The protective effects from NVP-AAMO077 were lost in
the absence of nifedipine and CNQX (Fig. 4, CI and C2). Con-
sistently, NVP-AAMO077 treatment resulted in stronger protec-
tive effects following a milder insult (e.g. stimulation with 30 um
NMDA) (Fig. 4A). The fact that GluN2A knockout brain is
more resistant to ischemia is in line with our conclusion (58).
Other lines of evidence also suggest the function of GIuN2A in
neurodegeneration. For example, younger neurons (such as
DIV 3-7 neurons), which lack significant GIuN2A expression,
are more tolerant to NMDA insults. Moreover, pharmacologi-
cal inhibition of GluN2A significantly reduces excitotoxic Ca*"
overload in NMDA -stimulated neurons (43).

In summary, this study, for the first time, demonstrates that
GluN2A and GluN2B regulate both synaptic and extrasynaptic
signaling instead of displaying opposing functions. Mechanisti-
cally, inhibition of GluN2A and GluN2B may reduce cell death
through the suppression of NMDAR-mediated CREB deactiva-
tion. Our data also demonstrate a larger impact of GluN2B than
GIluN2A on NMDAR-mediated intracellular signaling and
excitotoxicity.
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